We demonstrate a two-channel, upconversion detector for counting 1300-nm-wavelength photons. By using two pumps near 1550 nm, photons near 1300 nm are converted to two spectrally distinct channels near 710 nm using sum-frequency generation (SFG) in a periodically poled LiNbO 3 (PPLN) waveguide. We used spectral-conversion engineering to design the phase-modulated PPLN waveguide for simultaneous quasiphasematching of two SFG processes. The two channels exhibit 31% and 25% full-system photon detection efficiency, and very low dark count rates (650 and 550 counts per second at a peak external conversion efficiency of 70%) through filtering using a volume Bragg grating. We investigate applications of the dual-channel upconversion detector as a frequencyshifting beamsplitter, and as a time-to-frequency converter to enable higherdata-rate quantum communications.
Introduction
Single-photon upconversion detectors for counting 1.3-and 1.5-m-wavelength photons are attractive alternatives to direct detection by either InGaAs avalanche photodiodes (APDs) or superconducting single-photon detectors (SSPDs). The 1.3-and 1.5-m wavelengths are of interest for optical-fiber-based quantum communication systems as silica fibers have minimum attenuation in these wavelength windows. Upconversion detection is based on highly efficient sum-frequency generation (SFG) that converts near-infrared photons to shorter-wavelength photons that can be detected by Si APDs, which offer higher detection efficiencies and lower dark count rates than their InGaAs-based counterparts [1] [2] [3] [4] [5] . InGaAs APDs are generally gated to reduce dark counts and avoid after-pulsing, which may also limit the speed at which events can be detected. SSPDs can also be used to detect near-infrared photons with very good sensitivity and dark count rates [6] [7] [8] [9] , but they require cryogenic operating temperatures, and are therefore of limited utility in practical quantum communications systems.
Upconversion detectors have been used for a number of applications. Improved system performance of a quantum key distribution system has been shown using 1306-nm upconversion detectors [10] . Multiwavelength sampling using an upconversion detector has been used to increase temporal resolution of the detector system [11] . The upconversion process has been shown to preserve phase coherence [12] and temporal correlations up to fourth order [13] . Frequency upconversion has enabled a quantum information interface between widely separated wavelengths [14] and erasing of frequency distinguishability between two single photons [15] . Upconversion is a useful tool for hybrid quantum systems such as those combining quantum dots with photonic qubits [16, 17] .
Here, we demonstrate a single-photon upconversion detector that has two spectrally distinct channels. Through quasi-phasematching (QPM) and spectral-conversion engineering [18] , we can achieve efficient upconversion to multiple wavelengths in a single periodically poled lithium niobate (PPLN) waveguide. Specifically, we engineer the PPLN waveguide for two simultaneous SFG processes: 1302 nm + 1556 nm  709 nm and 1302 nm + 1571 nm  712 nm. We observed 70% conversion efficiency for both channels in the PPLN waveguide (including waveguide coupling losses), which led to system photon-detection efficiencies greater than 25%. In addition to sensitive detection of 1.3-m signal photons, such a device acts like a beamsplitter or demultiplexer for the signal photons. We explore applications of this additional functionality for improving system performance. We show higher count rates before the onset of saturation, and better timing resolution by using time-to wavelengthdivision multiplexing. Simultaneously, we show ultra-low dark count rates (<700 s 1 at peak conversion efficiency) for both channels by narrowband filtering using a volume Bragg grating.
Theory
Consider a waveguide in which the following SFG processes can be simultaneously quasiphasematched:  are assumed to be undepleted (valid for the weak input signals considered here), both processes are phasematched (which can be achieved using a phase-modulated QPM grating described below), and the propagation losses are negligible. By taking the second derivative with respect to z of the first equation and substituting the second two expressions, we obtain 
where / jj   are the normalized coupling constants. Equation (5) In real-world devices, there are losses and incomplete conversion. For quantum information applications, the effects of loss and incomplete conversion are similar. The key exchange rate in a quantum key distribution system is reduced by system losses, whether they result from link losses, detector inefficiencies or incomplete upconversion. The effect of loss on two-photon interference measurements (which are the basis for many quantum entanglement experiments) is to reduce visibility and increase background noise counts, but the correlation signature is preserved. The multi-channel upconverter acts like a lossy beamsplitter where incomplete conversion contributes to the system loss.
QPM design and fabrication
To fabricate a multichannel upconversion device, we employed the QPM phase-modulation technique developed by Asobe and associates [18] . The phase-modulation technique is one of several techniques [20, 21] that have been developed in order to engineer the phasematching profile of a device. In the phase-modulation technique, one starts with a QPM grating with period  G . The QPM pattern is modulated by a phase-modulation function (z) that is periodic in z with period  ph . The phase modulation consist of shifting position of a domain boundary z n with respect to its nominal location z n,0 of a periodic grating so that the modulation phase is (z) = 2(z n -z n,0 )/ G . Using Fourier analysis, it can be shown that QPM peaks are obtained when the relation 
is satisfied for integer m. j k , 0 k , and pj k are the wavevectors for sum-frequency j  , signal 0  , and pump pj  , respectively. We used a simplex convex optimization algorithm to successfully optimize (z) to phasematch two simultaneous SFG processes corresponding to m = + 1 and 1; for the two-peaked QPM tuning curve, the desired form of (z) is found to be a rectangle function. A calculated QPM tuning curve is shown in Fig. 1a . We found that  ph varied inversely with the wavelength difference between the two QPM peaks. We computed the k  values from simulated dispersion data for reverse-proton exchange (RPE) [22] PPLN waveguides. Setting m = + 1 and 1 in Eq. (6), we can solve for the required poling period  G and phase-modulation period  ph for a given pair of wavelengths. For channel separations (defined as  =  p2 - p1 ) of 5, 10, and 15 nm, we found that the required phase-modulation periods  ph were 7.1, 3.94, and 2.56 m, respectively.
We fabricated two-channel upconversion RPE PPLN waveguides for SFG between a 1.3-m signal and two 1.55-m-band pumps, with  G = 13.5 m. The 52-mm-long devices were antireflection coated for wavelengths of 1310 and 1550 nm at the input between LiNbO 3 and optical fiber, and for 1310, 1550, and 710 nm at the output between LiNbO 3 and air. The devices were fiber pigtailed at the inputs and were measured to have total optical throughputs of 1.3 dB at 1550 nm and 2.4 dB at 1319 nm. The tuning curve vs. pump wavelength of a device measured with the signal wavelength fixed to  0 = 1319 nm is shown in Fig. 1b . The conversion efficiencies of the two channels (at 1533 nm and 1548 nm pump wavelengths) are nearly equal. Lower-efficiency side peaks for odd m were also observed, which are a consequence of the phase-modulation design. 
Experiments
We first characterized the performance of each channel of the upconversion detector by measuring the photon detection efficiency (PDE) and dark count rate (DCR) using continuous wave (CW) pumping. We then explored the multiplexing capabilities of the device for several applications. These applications can be separated into two categories: use of the multichannel device as a beamsplitter and as a switch. We used the dual channel device as a beamsplitter to exceed the saturation-limited maximum count rate of a single detector. Using the device as a switch, we demonstrated increased clock rate above the jitter-limited clock rate of a single-channel upconversion detection system.
Photon detection efficiency and dark counts
A diagram of the experimental setup is shown in Fig. 2 . In order to pump both upconversion channels simultaneously, two pump lasers were used: one in the C-band ( < 1568 nm) and one in the L-band ( > 1568 nm). The two pumps were combined with a C/L-band wavelength division multiplexer (WDM) and amplified in a 0.5W erbium-doped fiber amplifier (EDFA). The EDFA was followed by a 1300/1550 WDM acting as a filter to reject 1310-nm noise produced in the EDFA, as has been described in Ref [4] . The amplified pumps were combined with a 1310-nm signal laser attenuated down to single-photon-level and sent into the fiber-pigtailed, phase-modulated PPLN waveguide. Polarization controllers were used for both pumps and the signal to align the input light to the z-axis of the PPLN waveguide, which supports only e-polarized light. Following the waveguide, an anti-reflection-coated aspheric lens (AL) was used to collimate the output radiation from the waveguide. To separate the outgoing pump light and filter the two up-converted channels at  1 and  2 , we used a volume Bragg grating (VBG). In reflection, the VBG acts as a narrowband filter, where the reflected wavelength depends sensitively on the angle of incidence. We measured the full-width-half-maximum (FWHM) reflection bandwidth of the VBG to be 0.04 nm. The VBG was aligned such that the longwavelength channel at  2 was reflected back through the input facet of the VBG (see Fig. 2 ). The upconverted light at  1 passed through the VBG and was redirected back into the VBG using a mirror at a slight angle so that high reflection of  1 was achieved through the second surface of the VBG. One key advantage of using the VBG filter compared to an earlier approach using a holographic diffraction grating [11] is that narrowband wavelength selectivity, and therefore very low noise counts, can be achieved using a very small footprint. The two upconverted channels were then sent to two Si APDs (PerkinElmer SPCM-AQR-14). We used a 20-nm bandpass filter at the entrance to each Si APD to block any stray light or parasitic pump-second-harmonic radiation. An unintended consequence of the phase- modulated QPM design was the appearance of several accidental second-harmonic generation QPM peaks. We chose the pump wavelengths,  p1 and  p2 , such that these undesired peaks were avoided. The measured CW system photon detection efficiencies and dark count rates for both channels are shown in Fig. 3 . The PDEs and DCRs were measured with only one pump present at a time. The signal wavelength was fixed to 1302 nm so that channel 1 corresponded to the SFG process 1302 nm + 1556 nm  709 nm, while channel 2 corresponded to 1302 nm + 1571 nm  712 nm. For the PPLN waveguide itself, we observed 70% peak external conversion efficiency in both channels, a value which included input and output coupling losses. The optical path following the PPLN waveguide had higher loss for channel 1 than channel 2, primarily due to traversing the VBG twice; we estimated 45% and 32% loss for the optical path after the waveguide for channel 1 and 2, respectively, which includes loss from the 20-nm band-pass filter. Combined with the 65% PDE of the Si APD [23] , the system peak photon detection efficiencies were 25% for channel 1 and 31% for channel 2 (see Fig. 3a ). The solid lines in Fig. 3a 135 max P  mW is nearly the same for channels 1 and 2, as we expected from the nearly equal peak heights in Fig. 1b .
At maximum conversion, the dark count rates are 550 s 1 and 650 s 1 for channels 1 and 2, respectively. The DCRs at low pump power are dominated by the intrinsic DCRs of the Si APDs. The dark count rates observed here represent substantial improvements compared to other CW 1.3-m-band upconversion detectors that showed 1.5 × 10 4 s 1 [3] and 2.5 × 10 3 s
1
[4] DCRs. Our low DCRs are due to the very narrowband reflectance of the VBG. In this system, the noise is primarily due to upconverted anti-Stokes Raman photons generated by the strong pump, which fill the PPLN upconversion acceptance bandwidth [3] [4] [5] . The VBG acts as a filter narrower than the QPM acceptance bandwidth, so that most of the noise photons are eliminated. There is a tradeoff between system speed and noise performance. The narrow VBG (24 GHz) and QPM acceptance (46 GHz) bandwidths set a limit to the response rate of the system; broadening both of these bandwidths would allow faster rates at the expense of greater total noise counts. 
Classical beamsplitter applications
When both pump frequencies are present at the same time, the dual-channel upconverter with VBG output filter acts like a classical beamsplitter that probabilistically divides the input to two outputs. Photons at 1302 nm are frequency-converted by the device and sent to the 709-or 712-nm output paths. Beamsplitters have many uses in quantum optics. We demonstrated application of our device for splitting high-count-rate signals onto two Si APDs to enable single-photon count rates above the dead-time-limited value of a single detector.
The maximum count rate of an APD is related to the dead time of the detector,  D . As the incident photon rate R inc begins to approach 1/ D , the detector begins to saturate [23] .
Consider a single photon at  0 incident at the input of the dual-channel upconverter device.
The pump powers P p1 and P p2 can be chosen such that with 50% probability, the photon is converted to  1 or  2 . Therefore, much like a classical beamsplitter, the dual-channel upconverter will probabilistically divide the incident 1.3-m signal to the two upconverted channels that can be detected by two APDs. We measured the saturation of a Perkin-Elmer SPCM by varying R inc and measuring the count rate R of a single detector (Fig. 4) . The input signal rate R inc at  0 = 1302 nm was controlled by a programmable optical attenuator in 2 dB increments from a level of 41 photons/s to 2 × 10 9 photons/s. With only pump 1 turned on, we measured the count rates for both channels (R 1 and R 2 ). R 2 was very low and reflected detector dark counts and cross-talk counts. The count rate R 1 is shown as blue circles in Fig. 4 . The solid blue curve is a simulation of the expected counting statistics of coherent light (with Poissonian photon arrival statistics) assuming a detector dark count rate D = 250 s 1 and a dead time of 67 ns. By comparing the rates R 1 and R 2 with only pump 1 turned on, we observed a very low channel crosstalk of 44 dB, which is likely due to a combination of amplified spontaneous emission (ASE) from the EDFA and imperfect isolation of the VBG channels.
With both pumps turned on, we then set the pump powers P p1 and P p2 such that, including free-space losses, equal count rates were obtained at the two detectors. We measured the summed count rate R s = R 1 + R 2 at the same overall conversion efficiency as in the pump-1-only case. The observed R s versus R inc is plotted as green squares in Fig. 5 , along with a simulation of the counting statistics. We see that at low R inc , the dual-channel case has a DCR Fig. 4 . Measured count rates for a single detector (blue dots) and a combined, dual-channel detector (green squares) as a function of input signal rate Rinc. The maximum, saturated count rate for the dual-channel system is twice that of the single detector, but the dark count rate is also doubled. The solid curves are simulated counting statistics for coherent light.
of approximately 2D and saturates at 2R max , where D is the DCR for a single channel and R max is the maximum, dead-time-limited count rate obtained with one detector. From this result, we extrapolate that for an N-pump upconverter, the system count rate would saturate at NR max at the expense of increased DCR of ND.
Demultiplexing applications
In the previous section, we discussed application of a multichannel upconverter as a classical beamsplitter when the pump sources are simultaneously on. In that demonstration, the splitting of an input signal to multiple output ports happened probabilistically. If, however, the two pumps were controlled in time using external modulators, one may achieve deterministic control of the output channel for a particular time bin by, for example, switching the pumps on and off sequentially. Such a multichannel detector can be used to switch the output from one channel to another like a router or demultiplexer. One application of such functionality is to achieve higher speeds by using multiple Si APDs.
High speed detectors are of interest for quantum key distribution (QKD) systems. The exchange rate of the secret key is much slower than the system clock rate due to postselection protocols [24, 25] . The quantum-key transmission rate is further reduced by losses and other errors, especially in long-distance transmission systems. Hence, increasing the system clock rate can enable faster QKD systems over longer distances. The speed limitation for such systems is typically caused by the detectors. For a system based on upconversion detection using a continuous-wave pump, timing jitter in the Si APD limits the temporal resolution. Pulsed pumps can be used to increase the temporal resolution. Picosecond [26] and femtosecond [27] pump pulses generated by mode-locked lasers have been used to demonstrate fast optical sampling. However, these schemes are based on varying the delay of the sampling pulse and collecting data over a number of repeated waveforms, which is not possible in a communications system. Alternatively, the pump pulses can be used to demultiplex a fast data train into multiple slower trains that can be resolved with slower detectors. Such a scheme is analogous to a frequency-converting, optical time-division multiplexer [28] , which was used to quadruple the data rate by combining four wavelength channels.
High-speed upconversion detection using time-to wavelength-division multiplexing has previously been demonstrated using a short, PPLN waveguide [11] . The 1-cm waveguide used in Ref [11] . was chosen to permit two spectrally distinct pumps to fit under the same phasematching peak. The FWHM pump-acceptance bandwidth was 2.5 nm centered at 1549.6 nm, which allowed the use of pumps at 1549.2 nm and 1550.0 nm, but produced low conversion efficiency due to the 1-cm length of the QPM grating. One major advantage of the phase-modulated PPLN waveguide used here is the higher photon detection efficiency for both channels. Our 52-mm-long device showed up to 31% system PDE (see Fig. 4a ) while the 10-mm-long waveguide in Ref [11] . had only 7% maximum PDE, limited by the available pump power. We were able to reach the point of maximum signal conversion at 135 mW pump power, while Ref [11] . had insufficient pump power to reach the maximum conversion point. The phase-modulated QPM technique used here can provide a scalable approach to increase the number of channels. High conversion efficiency for each channel is obtained without decreasing channel spacing, which would make the spectral filtering of the output channels more difficult.
The dual-channel device allows access to higher data rates. Let  det be the shortest time bin allowed by a Si APD while still maintaining acceptably low inter-symbol interference (ISI); using the dual-channel upconversion device, a faster train of signal pulses with time bin  det /2 can enter the device and interact with a two-color pump consisting of interleaved pumps pulses at  p1 and  p2 . The period of the pump pulses at each wavelength is  det . A train of upconverted pulses is generated in the PPLN waveguide, where pulses in adjacent time slots have different wavelengths, which can be spectrally separated using a dispersive optic (here, a VBG) and sent to two Si APDs. The phase-modulated PPLN waveguide and VBG together act like a time-division demultiplexer that produces two trains of pulses, each at half the signal clock rate. The dual-channel upconverter therefore allows detection of a train of signal pulses whose rate is twice larger than the detector-limited rate (1/ det ). A detailed diagram of the experimental setup is shown in Fig. 5 . The two pumps and signal are modulated by electro-optic intensity modulators (IMs) using the timing diagram shown in Fig. 6 (with 1.6 GHz clock rate). The electrical pulses driving the IMs are produced with a data generator, which is also used to trigger the time-correlated single-photon counting (TCSPC) system. The optical pulses are combined and sent to the phase-modulated PPLN waveguide. The two-color SFG output is filtered and separated with the VBG and detected with two Si APDs. Fig. 5 . Experimental setup for the dual-wavelength demultiplexing experiment. A fast train of signal pulses interacts in the PPLN waveguide with a two-color pump pulse train consisting of alternating pulses at p1 and p2 to produce SFG pulses that can be spectrally separated with the VBG. The pulses arrive at each Si APD at half the rate of the original signal pulse train. A data generator drives the electro-optic intensity modulators (IM) and also triggers the timecorrelated single-photon counting (TCSPC) system. A 1% tap coupler is placed after the EDFA and used to monitor the power, optical spectrum and temporal characteristics of the pump pulses. The resulting dual-channel SFG pulses are separated and filtered by the VBG and routed to two Si APDs. We first measured the timing jitter of a single APD. This was done by sending pump and signal pulses (of FWHM 330 ps and 220 ps, respectively) to the PPLN waveguide once every 12.5 ns. With widely spaced pulses, the tails of the detected SFG can be easily distinguished (see Fig. 7a, green dots) . We observed FWHM of 310 ps and full-width at 1% maximum (FW1%M) of 1.0 ns. The floor of background counts around 33 dB is due to residual pump and signal transmission from imperfect extinction of the electro-optic modulators.
The black dots in Fig. 7a show the upconverted signal with signal pulses arriving at 1.6 GHz and a continuous-wave pump. We see ISI such that adjacent time slots cannot be well distinguished. By using the dual-wavelength upconversion device and pulsing the two pumps according to the timing diagram in Fig. 6 , we obtain the timing histograms shown in Fig. 8b . The effective data rate in each channel is lowered to 800 MHz, and there is much less intersymbol interference and greater ease in distinguishing data in each channel.
As an example application for data transmission, we sent a test code sequence to the dualwavelength upconversion detector (Fig. 8) . The test sequence is encoded in the signal at  0 and shown in Fig. 8b , while the response histograms for channels 1 and 2 are plotted in Figs. 8a and 8c, respectively. Figure 8d shows the result of sending all the data to channel 1 (pump 1 is held continuously on); data in adjacent time slots are merged. When the signal data is -0,‖ both channels show a small amount of feed-through (manifested as a small increase in counts at the center of the time bin), which is caused by incomplete extinction of the 1.3-m signal intensity modulator. 
Conclusion and future work
We have demonstrated a dual-wavelength, high-efficiency upconversion single-photon detector with extremely low dark count rates. The system is based on a PPLN waveguide with a phase-modulated QPM grating where the output light is filtered by a volume Bragg grating. We measured total-system photon detection efficiencies (dark count rates) of 25% (550 s 1 ) and 31% (650 s 1 ) for channels 1 and 2, respectively. We showed that the dual-channel upconversion detector can be used both as a probabilistic beamsplitter and as a deterministic switch. When used as a beamsplitter, multiple Si APDs can be used to count the upconverted photons, thereby increasing the saturation-limited count rate. With pulsed pumping, the device worked as a router that deterministically switched the output from one channel to another. We showed an increase in clock rate beyond the rate limited by the timing jitter of a single Si APD. As a beamsplitter, we expect the dual-channel device to preserve photon statistics and enable g (2) measurements of classical and non-classical light. With more channels, higher order temporal correlation functions may be measured using the device. When used as a router, the dual-channel device is a fast switch whose switching time is only limited by the electro-optic modulators controlling the pumps since optical frequency
